Abstract-The NA62 experiment at the CERN SPS will measure the branching ratio for the decay K + → π + νν to within ≈10%. The large-angle veto (LAV) detectors must detect photons with energies as low as 200 MeV with an inefficiency of less than 10 −4 . After a comprehensive series of comparative studies, NA62 decided to base the LAV system on the lead-glass block/PMT assemblies recycled from the OPAL barrel calorimeter, and a prototype veto station, complete with front-end electronics, was constructed and tested in 2009. Eleven additional stations are to be constructed before data taking begins in 2012. We describe the design, construction, and testing of the LAV system, including the recovery and mechanical adaptation of the OPAL hardware, issues related to operation in high vacuum, HV distribution, and in-situ monitoring, and especially, the design of an efficient and economical system for the readout of time and energy over an extended dynamic range.
I. INTRODUCTION

N
A62 experiment aims at measuring 60 SM events/year of the very rare K + → π + νν decay, thus reaching a precision of ≈10%, while keeping the background/signal ratio below 1/10 [1], [2] . For this purpose, at least 10 13 K + decays are required, assuming a 10% signal acceptance and a branching ratio of 10 −10 . To keep the systematic uncertainty small requires rejection factors for the dominant kaon decays on the order of 10 12 , as well as the possibility to measure efficiencies and background suppression factors directly from data. The high momentum of the K + beam improves background rejection and sets the longitudinal scale of the experiment. The main elements for the detection of the K + decay products are spread along a 170 m long region; useful decays will be detected from a 65 m long fiducial region. Since the neutrino-antineutrino pair is undetectable, the signature of the signal consists of a single π + track reconstructed downstream of the decay volume and matched to a K + track upstream. In addition to tracking devices for both the kaon and pion, calorimeters to detect photons, positrons and muons are also needed to veto the main decay F. Ambrosino, P. Massarotti, M. Napolitano, V. Palladino modes. In addition, particle identification systems to identify the incident kaons and to distinguish pions from muons or positrons must complement the tracking and veto detectors to reach the ultimate sensitivity and to guarantee redundancy. In particular, photon veto detectors are required to suppress the background originating from the decay
). An overall inefficiency of about 10 −8 for the π 0 detection is required, and it is crucial to cover an acceptance from 0 to 50 mrad from the K + decay vertex with respect to the beam line.
II. LARGE ANGLE PHOTON VETO DETECTORS
The photon veto detectors [3] are a system of 12 Large Angle Veto (LAV) calorimeters covering an anglular interval from 8.5 to 50 mrad, an electromagnetic calorimeter for the detection of photons between 1 and 8.5 mrad (liquid Krypton calorimeter, LKR), and small angle calorimeters covering the region below 1 mrad (IRC and SAC). In the analysis, the π + momentum will be required to be less than 35 GeV/c. This ensures that the momentum of the π 0 is at least 40 GeV/c. The 12 LAV stations are situated along the decay region between 120 and 240 m downstream of the target. The first eleven stations are part of the vacuum decay tube, while the last station is located outside the vacuum tank (Fig. 1) .
The sensitive elements of these detectors are assemblies of lead glass blocks and attached photomultipliers from the former OPAL electromagnetic calorimeter barrel. These are assembled to form a complete ring inside a cylindrical vacuum vessel. Each LAV station is made up of four or five rings, which are staggered in azimuth providing complete hermeticity. Incident photons will always encounter at least three blocks in the longitudinal direction.
Alternative technologies for the LAV system were considered: a modular structure consisting of alternate layers of 1-mm thick lead plates and 5-mm thick scintillating tiles readout by wavelength-shifting fibers, and a structure consisting of 1-mm diameter scintillating fibers embedded between 0.5-mm thick lead foils (on the model of the KLOE calorimeter). Extensive tests with electrons, photons and muon beams have shown that the required level of photon detection efficiency, 1 − 10 −4 down to few hundreds MeV photon energy, can be reached by all the three choices [3] .
The final layout of the LAV system consists of four different station types. Stations 1 to 5 contain 160 blocks in vacuum, arranged in five layers; stations 6 to 8 contain 240 blocks in vacuum, arranged in five layers; stations 9 to 11 contain 240 blocks in vacuum, arranged in four layers; and station 12 contains 256 blocks in air, arranged in four layers.
The LAV system will mainly detect photons from kaon decays, as well as muons and pions in the beam halo. For each incoming particle, the veto detectors are expected to provide a time measurement with a < 1 ns resolution, as well as an energy measurement with moderate resolution (order 10%). Moreover, the system must be sensitive to minimum ionizing particles (MIPs), in order to keep the detection efficiency for muons and low energy photons as high as possible, and thus the dynamic range has to cover three orders of magnitude, from a few tens of MeV up to 25 GeV. At a glance, the simplest approach might seem to be to split the signal from the PMTs to provide a fast charge measurement using flash-ADC or waveform sampling, as well as a fast logical signal and time measurement, using a discriminator and TDC. However, the extended dynamic range and large data rates expected complicate the design of such a system. In order to reduce cost and complexity we have developed a custom readout board capable of providing both good amplitude and time resolution using a time-over-threshold discriminator. In order to cope with the large dynamic range, a clamping stage is used in front of an amplifier with 5× gain, then the same signal is compared to two independent thresholds in order to simultaneously measure the signal amplitude using the timeover-threshold technique and correct the time measurement for the time-walk effect (slewing). In the final configuration, the LVDS digital signals from the readout electronics will be measured by TDC daughter-boards (using the HPTDC chip) mounted on the standard NA62 acquisiton board (TEL62). The FPGA inside the TEL62 will produce the time corrected for the slewing introduced by the discriminator, and the charge for each hit as reconstructed from the pulse width above threshold, using a time-to-charge calibration parametrization. This information will be sent to the following DAQ stages; level-0 trigger primitives will be also calculated inside the TEL62, and sent to the level-0 trigger processor.
A prototype board of the readout electronics has been built and tested on a full LAV veto (the first of the twelve stations, type-1: 160 blocks arranged into five 32-block layers) using electron and hadron beams at the NA48 beam line in fall 2009. One-half of the station (80 blocks, 16 blocks per layer) was instrumented for this test.
For the charge measurement, we used commercial 12-bit QDCs (CAEN V792), while for the time measurements we used commercial TDCs (CAEN V1190). This TDC is based on the CERN HPTDC chip which is the same used in the TDC boards built for the TEL62. In order to provide a gate for QDC integration, a trigger signal was provided by the fast-OR of the 16 digital signals in the upstream ring of leadglass detectors. A stand-alone DAQ system was also prepared, capable of gating the acquisition with SPS status signals and sustaining a trigger rate of about 1 kHz. We collected large samples of data both with a diffuse halo of muons to illuminat all instrumented blocks, and with electron beams of energy 2, 4, and 6 GeV. The charge reconstruction for a single hit is based on the correlation between the charge and the time-over-threshold produced by our readout card. This correlation is shown in Fig. 2 . The relation can be parameterized by a fourthorder polynomial function, and fit parameters can be used to reconstruct the charge from the measured time by inverting the time-to-charge relation. This parametrization is dependent on the gain of the PMT (but this is not an issue since we preliminarily equalize the gains and the photon yield for each crystal), as well as on the threshold applied. In order to have the possibility to monitor the input analog signals to the readout board, an analog output would be very useful. Due to mechanical constraints it is very difficult to have 32 analog output connections on the board; on the other hand, enough information for monitoring purposes can be obtained even with reduced granularity. For these reasons, the individual analog signals from four adjacent channels on a layer are summed to provide, e.g., for stations of type 1, eight signals per layer. These signals are also summed again in groups of four to obtain the sums over a half layer. Each board is thus equipped with eight signals for the sums over four blocks and two for the sums over half layers (16 blocks), for 10 different sums in total.
The definitive prototype of the readout board, including analog sum outputs, was tested on the second veto station to be completed (also with the type-1 layout of 160 crystals arranged in five layers) in summer 2010 at the T9 beam-line of the CERN PS using electron, pion, and muon beams. Again, one half of the full veto station was instrumented, and the charge and pulse-edge times were measured by means of the CAEN V792 QDCs and V1190 TDCs, respectively. In dedicated runs, the times were also measured with a prototype setup using the TEL62 and HPTDC TDC mezzanine boards. Since we have two thresholds for each input signal, we have have two measurements of lead-time and width for each block. The trigger was provided by the coincidence of two fast scintillator counters, defining an active area of 10×10 cm 2 . Before exiting the beam-pipe the beam crossed two gas Cerenkov counters, proving a positive identification of pions, muons, or electrons, with momentum thresholds that were adjusted by changing the pressure of the gas inside the vessels.
In particular, we have selected electron events by requiring both beam Cerenkov counters to be over threshold, after having set the gas pressures such that muons and electrons would fire one counter, while only electrons would fire the other counter. Of course, muons can be easily selected by requiring only the first counter and not the second one to be over threshold. The beam composition in the T9 area has a decreasing fraction of electrons as the selected energy increases, ranging from about 80% below 0.5 GeV to practically zero at energies above 5 GeV. At higher energies, the beam is composed of pions and muons, and also a significant fraction of protons. We collected pure muon samples by closing the main beam-stopper (at the price of very low rate).
The total energy for events of a given energy has been computed by summing the signals in all fired blocks in two ways:
• summing all the pedestal-subtracted charges measured by the QDC;
• summing the charge obtained for each crystal using the measured time-over-threshold converted from ns to pC using the measured charge vs. time curve shown in Fig. 2 . The linearity in the range of nominal energy from 0.3 to 2 GeV, is shown in Fig. 3 , for both techniques, for events selected as electrons.
The relative energy resolution obtained by summing the measured energies in all blocks for electron events in the same energy range is shown in Fig. 4 , again using both techniques for energy reconstruction.
The time resolution of a single lead-glass block was measured at the Frascati BTF electron beam [5] performed in year 2007 to be about 0.7 ns [4] for energies up to 0.5 GeV. Since we expect much larger signals for high energy photons in NA62, we expect that larger amplitudes will introduce considerable time slewing, and thus worsen the single crystal time resolution. Estimates for a 10 mV threshold and 5 ns rise time indicate that the slewing effect can add up to 4 ns for small signals, and at least 2 ns for MIP signals. It is therefore desirable to correct for this effect, but we can reconstruct the amplitude of the signal only from the time-over-threshold width, which is affected by the slewing itself. We overcome this problem by performing a second time measurement of the same signal with a different threshold, so that the slope of the leading edge can be computed from the two thresholdcrossing times. A second, higher, threshold is also useful in order to have good sensitivity in the high amplitude range, without spoiling the efficiency for very low signals.
The correlation of the measured time (with respect to the time reference provided by the fast scintillators) and the time resolution after the slewing correction are shown in Fig. 5 . A resolution of about 0.5 ns at 1 GeV is obtained, which is well within the requirements for the LAV system in NA62. 
III. CONCLUSIONS
We have designed the twelve large angle photon veto stations for the NA62 experiment, in order to ensure the required 10 −8 rejection for π 0 s, reusing lead glass blocks from the OPAL electromagnetic calorimeter barrel. The blocks in a veto station are arranged in staggered layers and operate in the high-vacuum of the experiment. The construction of the final detectors has started after a long period of R&D work on the performance in terms of detection efficiency and energy and time resolution. A custom, cost-effective readout solution that is easy to integrate into the NA62 trigger/DAQ architecture has been designed using the time-over-threshold technique. A full veto station equipped with prototype boards of the readout electronics was tested at the CERN PS T9 beam-line with electrons and hadrons. The performance in terms of pulseheight and time resolution was fully satisfactory: an intrinsic time-resolution of 0.5 ns and 9% energy resolution (at 1 GeV) has been measured.
The construction of the final veto stations is proceeding at full steam: three out the twelve detectors have been assembled and quality tested. The first station, after having been tested with the final electronics at test beams, has been installed in its final position along the NA62 vacuum decay tube and is currently under long-term vacuum test.
We plan to install the final system by the end of year 2012, in order to be ready for the start of NA62 data-taking.
